Introduction
In recent years, advances in genetics and genomics have brought new dimensions to the commercial genetics enterprise in the form of DTC genetic testing. With the click of a mouse, the public now has direct access to personal genetic and genomic information related to health, ancestry, nutrition, physical traits, athletic ability, dating compatibility, and a seemingly infinite list of other attributes. Although health-related DTC genetic testing appropriately continues to receive a substantial amount of attention, 1, 2 discourse regarding other DTC applications of genetics, in particular the echoing of concern about genetic ancestry testing, is increasing. [3] [4] [5] [6] There are approximately 40 companies, based in various countries, that currently provide genetic ancestry testing to the public ( Table 1 ). The companies differ in both the range of genetic testing services and the types of ancestry tests that they offer. The marketing of genetic tests directly to consumers is a priority area for the ASHG, as demonstrated by its statements on DTC health-related testing 7 and ancestry testing. 8 This white paper, commissioned by the ASHG, expands discussion of the issues highlighted in the Society's 2008 Ancestry Testing Summary Statement 8 and introduces additional pertinent issues. The purpose of our report is twofold: (1) to enlighten and engage ASHG members and the broader scientific and general communities and (2) to assist in determining the appropriate course of action for the Society in responding to the critical concerns.
It is important to note that the genetic tools employed by ancestry testing companies, as well as many of the scientists involved in DTC ancestry testing, have their roots in, and are still a part of, academia. Therefore, in this report, as in the summary statement, we evaluate application of ancestry estimation technologies in both environments because the many overlapping scientific and nonscientific issues in academic research have not, to date, been adequately addressed.
Definition(s) of Ancestry
Our common origin as a species implies that we, as individuals, are all related to one another by varying degrees, 9 so it is important to be clear about what frame of reference is being used in discussions of ''ancestry'' and relationship ( Figure 1 ). For example, because of recombination, each segment of the genome has its own ancestral history, and various segments of an individual's genome may have ancestral histories that trace to different populations.
One commonly employed concept of ancestry is continental ancestry, which assumes the existence of four or five major ''parental'' populations that gave rise within the last 100,000 years to existing populations. 10 This conception of ancestry is frequently equated with that of ''race,'' and the terms are often used interchangeably; however, this is problematic because in the history of science there have been many ''racial'' taxonomic schemes. 11, 12 A related view of ancestry is biogeographic ancestry, in which a person's origin is associated with the geographic location(s) of presumed ancestors inferred by comparison with contemporary populations living in these locations. which typically represents a generational narrative about one's relatives through his or her maternal and paternal lines of descent. 15 It is this notion of ancestry that people often focus on when considering their genealogy. However, we note that genealogy does not necessarily confer genetic similarity in all biological systems; for example, even one's offspring may not be the ideal match for a kidney transplant or blood transfusion.
In addition to the concepts described above, there are sociopolitical rules about ancestry that guide membership in certain groups. In the United States (US) these include the legal and historic utility of hypodescent (''one-drop'' rule) for African Americans and blood quantum laws for Native Americans. [16] [17] [18] In reality, however, neither are these rules absolute nor have they been consistently applied. 18 This further illustrates that ancestry-related social identity-how a society may see or define a person or group in relationship to real or putative ancestry-is to be distinguished from personal or group interpretations of such identity or actual knowledge of genealogy. 
Interest in Ancestry Estimation
Consumers and researchers are interested in using genetic information to infer ancestry for a variety of reasons, including genealogical, anthropological, and epidemiological. Most consumers are interested in using ancestry testing to gain, confirm, or extend knowledge about their recent family genealogy. 3, 19 To permit inferences about shared recent ancestry, commercial testers of genetic ancestry employ a variety of genetic-marker systems to make comparisons between a customer's DNA and genetic databases of individuals sampled from diverse populations and geographic regions. However, although the concept of ''ancestry'' is least ambiguous when it refers to either very close ancestors (i.e., parents or grandparents) or our most distant ancestors (i.e., the earliest hominids), genetic ancestry tests typically address more intermediate levels of ancestry that are imprecisely defined and identified 10, 20 ( Figure 1 ). Given this intrinsic imprecision, the power of commercial genetic tests to address specific genealogical questions is contingent on several factors that we will discuss later in this paper. Population geneticists and anthropologists use genetic markers and comparative datasets similar to those used in commercial ancestry testing to make inferences about population histories and relationships. Ancestry estimation has enormous value in this regard because it has the potential to illuminate patterns of past human migration and provide background information about human genetic variation that is essential for distinguishing the impact of demographic processes from the effects of natural selection. [21] [22] [23] Unlike commercial ancestry testing, such inferences are nearly always made at the level of populations or groups, rather than at the individual level. As a consequence of this plural focus, these ancestry inferences are more robust with respect to their fundamentally probabilistic nature, and the limitations of ancestry estimation for individuals are comparatively less apparent.
Genetic epidemiologists with an interest in identifying genetic associations with disease employ methods of Figure 1 . Global Ancestry The arrows symbolize migration of early human ancestors out of Africa. The color mosaic denotes global population diversity resulting from various subsequent inter-and intra-continental and regional migrations. The pedigree represents the complex network of intermediate and recent ancestors that is the subject of individual genetic genealogy testing.
ancestry inference for specific analytical reasons: either to control for statistical biases related to population stratification among cases and controls [24] [25] [26] 
Human History and Variation
Genetic ancestry estimation is based on an understanding of the distribution of diversity among human populations that reflects the demographic and evolutionary history of our species. Genetic and archaeological evidence indicates that, over the past 100,000 years or so, as the population size of humans increased markedly, humans dispersed from East Africa to populate other parts of the world 30, 31 ( Figure 1 ). The number of migration events, their magnitude, and the routes that migrants took are still active areas of research. Nevertheless, it is apparent that the dispersal of anatomically modern humans affected the geographic distribution of diversity in at least two important ways. First, founder populations typically carried with them only a subset of the genetic variation found in their most immediate ancestral population while simultaneously developing new mutations and genetic profiles. Second, as founder populations became more widely separated from one another, the probability that two randomly chosen individuals would mate with each other became even lower, and matings were even more likely to occur between people living close to each other, accentuating the divergence between geographically isolated populations. Over the past two decades, geneticists have characterized the geographic pattern of variation in great detail by using both haploid and diploid genetic markers (described below). [32] [33] [34] [35] [36] [37] Because different parts of the genome can have different ancestral histories, different marker systems often provide somewhat different information about population history and individual ancestry. Currently, we only have partial knowledge of how human genetic diversity is distributed across the globe, but initial studies 38 are revealing the degree of resolution possible in testing the relationship between genetic ancestry and geographic origins. A number of these studies have used a collection of~1100 DNA samples obtained from 51 populations living in different parts of the world; these samples constitute the Human Genetic Diversity Panel (HGDP). 39 Analysis of 987 microsatellites typed in the HGDP collection, for example, inferred six population clusters that correspond to continental regions (i.e., Africa, America, Central/South Asia, East Asia, and Oceania). 38, 40 Analysis of~642,000 autosomal SNPs in the HGDP collection enabled clustering of individuals not only to these large geographic regions, but also to specific populations within these regions. 38, 40 Although the HGDP collection is a useful collection of widely distributed human populations, it is a convenient sample and does not sample densely within any one geographic region; hence, there are limitations to the accuracy of ancestry inference within and among regions. Several studies that sampled populations deeply across Europe have shown that population structure can be inferred even at fine spatial scales (i.e., the scale of several hundreds of kilometers) within Europe. [41] [42] [43] [44] [45] There is rapidly escalating interest in ancestral histories of other continents and geographic regions, and the deeper timescales of populations from Africa 46 and India 47 have identified deep splits among geographic regions with complex patterns of past migration and admixture. Further studies of human genetic diversity are clearly needed; these will determine whether such fine-scale geographic patterns can be detected in other parts of the world and assign interpretive values to these patterns.
It is important to note that the diversity of human social structures, intermarriage patterns, and demographic histories makes it likely that the resolution of population structure will be challenging and that the extent of the resolution will vary considerably among populations. The inclusion of individuals with recent migration among ancestors creates the more complex problem of disentangling recently mixed ancestry.
Tools for Inferring Ancestry
Estimates of genetic ancestry are based either on the use of haploid markers (mitochondrial DNA [mtDNA] or Y chromosome haplotypes) or on the use of multiple unlinked autosomal markers that are diploid and sometimes preselected to be ''ancestry informative.'' As uniparentally inherited haploid markers, mtDNA provides information about the female-tofemale transmitted lineage (male children also inherit mtDNA from their mothers but do not transmit it to their offspring), whereas the Y chromosome is informative about male-to-male transmitted lineage. More recently, autosomal markers, which are inherited from both parents, have been used for assessing patterns of genetic variation in worldwide human populations. Commercial genetic ancestry testing primarily utilizes haploid markers to make ancestry inferences (Table 1) , whereas estimates of genetic ancestry in epidemiological applications rely almost exclusively on the consideration of allele frequencies of autosomal SNPs. Population geneticists and anthropologists employ both types of markers; which type they use depends on the availability of funds and the questions being addressed. mtDNA and Y Chromosome Markers Haploid genetic markers such as mtDNA D-loop region sequences or Y chromosome SNP haplotypes permit direct comparison of the lineages of sampled and reference individuals. As such, and unlike probabilistic estimates of population ancestry, matches among haploid genetic markers are intuitively easy to understand: an exact match of a male's Y chromosome haplotype to a man living in Australia implies that these two men share a common paternal ancestor.
An important issue with regard to lineage-based genetic estimates is that they reflect only a fraction of any person's total genetic ancestry. For example, the Parsis have Y chromosome information that indicates an origin in Iran, consistent with the historical record, whereas the mtDNA originates in Gujarat, a region in northwestern India where the Parsis arrived in approximately 900 AD, before moving eventually to Mumbai, India, and Karachi, Pakistan. 48, 49 This asymmetry of maternal and paternal ancestry is not a matter of test inconsistency; rather, it reflects the high likelihood that nearly everyone will have ancestors from different geographic locations.
Another problem related to lineagebased comparisons involves the interpretation of exact genetic matches between individuals. Although it is biologically justified to infer that two individuals with the same mtDNA haplotype share a common ancestor, moving from this inference of common ancestry to the conclusion that the match implies something about the biogeographical ancestry of both individuals can be problematic. For example, if someone lives in North America and his or her mtDNA haplotype exactly matches an individual living in Indonesia, the only thing that can be inferred with confidence is that they share a common ancestor. Without more information about family history and/or the geographic distribution of closely related mtDNA haplotypes, it is impossible to say whether this match arises via recent Indonesian ancestors in the North American's family tree, whether both share distant ancestors who lived in an entirely different part of the world, or whether the Indonesian match has recent North American heritage. Similarly, it is difficult to arrive at a robust interpretation of an mtDNA haplotype that exactly matches those sampled from multiple geographic locations, e.g., Indonesia, Thailand, and Papua New Guinea.
Autosomal Variants
In comparison to mtDNA and Y chromosome markers, autosomal markers provide much more comprehensive information on individual ancestry because cumulatively they represent a much greater proportion of genome history (i.e., multiple biparentally inherited loci versus a single locus, as inherited through mtDNA or the Y chromosome). However, because the genome is finite, only a small fraction of ancestors are represented by each given genomic segment in an individual, and every ancestor does not necessarily pass on his or her DNA at any given genomic segment to a descendant, so one can only ever have limited information on the origins of a given individual's ancestors. 10 Autosomal variation can be measured by whole-genome sequencing approaches, with genome-wide genotyping panels, or via an assessment of AIMs. Whole-genome sequencing, although ideal and likely to usher in a renaissance in genetic anthropology, is still prohibitively expensive and so is beyond the reach of most academic researchers or commercial testing companies. Genome-wide genotyping arrays, the next-most comprehensive approach, include SNPs that are common in a select subset of populations and lead to ascertainment biases that can impact ancestry estimation. 50 AIMs, most often developed to estimate admixture proportions originating from African, European, Asian, and Native American populations, 51 
Accuracy of Ancestry Inferences
Ideally, any quantitative claims about ancestry should have an easily interpreted assessment of confidence or accuracy associated with them. Our interest in accuracy is to assess not only what the accuracy estimate is but also how well we can describe our confidence in the inferences. We also stress the difference between accuracy of a particular individual's ancestry versus the inference of ancestry of a population sample. The former is particularly important in the case of DTC ancestry testing, whereas most scientific research on ancestry inference deals with the latter. The accuracy of ancestry inference methods is a function of (1) how the underlying patterns of human genetic variation are distributed across the geographic range of human habitation, (2) how that diversity is surveyed (i.e., the type and number of genetic markers used) and who was sampled, (3) which populations are used as references, and (4) the statistical methods used for interpreting patterns of variation.
Distribution of Genetic Variation
Accuracy is limited by the fact that every person has hundreds of ancestors going back even a few centuries and thousands of ancestors in just a millennium. There is enormous stochastic variation to the portion of the genome retained in a descendant from a given ancestor, and there is a rough expectation that it halves every generation. Genetic ancestry tests can access only a fraction of these ancestral contributions. Furthermore, the genomic segments contributed by a particular ancestor are far from all being uniquely identifiable, so even if one's genome has those specific contributions, identification of particular ancestry is always uncertain and statistical.
Geneticists also make specific choices about which levels of ancestry to examine. For example, many estimations of genetic ancestry are designed to distinguish contributions from reference populations that live in particular geographic regions (e.g., West Africa, Europe, East Asia, and the Americas) that were prominent in colonial-era population movements. This creates a bias that might lead us to define ancestry in reference to particular sociopolitical groups. Moreover, our knowledge of diversity, and hence the genetic contributions to ancestry, of populations in many other parts of the world (e.
haplogroups,'' and it is accurate to say that Y chromosomes within, say, haplogroup C are more closely related to one another than to a Y chromosome from haplogroup J. Thus, if two men both carry haplogroup C Y chromosomes, they are more likely to share a paternal lineage than if they had different haplogroups. Even so, this relationship does not mean that they are more genetically similar overall.
On the other hand, in the scientific literature there has been a connection drawn between one subset of haplogroup C and Ghengis Khan on the basis of the commonness of that branch of the Y chromosome genealogy in parts of the world conquered by Ghengis Khan. 55 Although such a connection is by no means impossible, we currently have no way of assessing how much confidence to place in such a connection. We emphasize, however, that whenever formal inferences about population history have been attempted with uniparental systems, the statistical power is generally low. Claims of connections, therefore, between specific uniparental lineages and historical figures or historical migrations of peoples are merely speculative.
Admixture Estimation
For autosomal markers, ancestry inference is most often performed under a discrete-deme admixture model where there is a set of discrete demes (usually or always referred to as ''ancestral'' or ''parental'' populations), and each individual inherits proportions of his or her genome from each of these demes. The goal of the method is to estimate this list of admixture proportions for each individual. Strictly speaking, a deme is a breeding population, defined on the basis of population genetic inference of intermixed genetic variation, and it is unlike classical anthropology's ''races,'' which are defined by morphology. 11 Nonetheless, the emphasis of admixture estimation on differences over similarities can be misleading about the overall genetic structure of the human species. Admixture estimation has greatly advanced the field of ancestry inference; however, there are caveats to the interpretation of its results. First, the ''ancestral populations'' are not directly observed-although in many applications, samples from related populations are used as a proxy. For example, present-day Yoruba are the most frequently used proxy for inferring African American ancestry, despite the fact that most African Americans derive their ancestry from diverse West African (and other African) populations that existed over a span of several centuries and that might not all be well represented by present-day proxy populations. 46, 56, 57 Second, if some ancestral populations are missing altogether from the analyses, programs such as STRUCTURE 58 and FRAPPE 59 will
force the results into a composite of the reference samples used; therefore, the results will be skewed simply because of how the algorithms work. If a poor proxy is used for one ancestral population, the method might compensate by adding admixture from other ancestral populations. Consider genetic ancestry testing performed on an individual we will call Joe, whose eight great-grandparents were from southern Europe. The HapMap populations are used as references for testing Joe's genetic ancestry. The HapMap's European samples consist of ''northern'' Europeans. In regions of Joe's genome that vary between northern and southern Europe (such regions might include the lactase gene, LCT [MIM #603202]), the genetic ancestry test using the HapMap reference populations is likely to incorrectly assign the ancestry of that portion of the genome to a nonEuropean population because that genomic region will appear to be more similar to the HapMap's Yoruba or Han samples than to its (northern) European samples.
Although the discrete-deme admixture method is informative about ancestry in settings where individuals have recent admixture from diverse continental populations, it does not perform well in settings where individuals have more ancestors from across a continuous gradient of genetic diversity. European populations, for example, despite revealing genetic differences, have been shown (as described above) to exhibit mainly continuous spatial patterns of variation. When admixture is estimated for European individuals under the assumption of two ancestral populations, 28 the method chooses admixture proportions that make individuals a mixture of ''northern'' and ''southern'' ancestral populations even though there is no independent evidence that two such ancestral populations ever existed. Methods for addressing continuous, spatial population structure are still under development, but principalcomponents analysis (PCA) has been widely applied in this context. 60, 61 The expected behavior of PCA on evenly spaced samples from spatially structured data is to return coordinates that are related to the geographic origin of each individual. 62 Moreover, there is a clearly established relationship between the genealogical structure of a sample and the principal components, grounding PCA in firm principles of population genetics. 63 One caveat of PCA-based approaches is that if individuals are a product of ''recent admixture'' from disparate origins, it will assign individuals to a single origin that is intermediate between the source populations, which is incorrect (e.g., an individual with an East Asian and European parent will be indistinguishable from an individual from Central Asia). This reinforces the need for models that take these and other limiting factors into account and recognize that in some cases accurate social identifications cannot be made.
Reference Samples
To infer ancestry, researchers rely on comparing any individual's particular genetic profile to that of reference populations. Research geneticists benefit from various publicly available databases such as the HapMap, Human Genome Diversity Panel, Perlegen Human Genome Resources, POPRES project, and Seattle SNPs projects. However, even the databases that researchers consider the most applicable reflect a woefully incomplete sampling of human genetic diversity, and this has important consequences for the accuracy of ancestry inference. One problem is that the ''ancestral populations'' assumed by some methods are not explicitly represented in databases-and indeed cannot be represented as such because we do not have the ability to sample ancestral populations. A second problem is that populations that are mixtures of the ''typical'' reference populations (e.g., Africans, Asians, and Europeans) are substantially under-represented in these databases. Recent sampling efforts, such as HapMap Phase III samples, are helping to remedy this problem; however, continued attention to diverse sampling will be an important aspect of any subsequent surveys of human genetic variation.
Some commercial scientists and private groups have their own unpublished databases with the potential to provide more refined information than that available from publicly available resources. In some cases, the commercial interest in ancestry testing is indirectly benefiting public research. For example, the company 23andMe partially funded the genotyping for the Human Genome Diversity Project samples. 38 Although such collaborations might be helpful and commendable, vigilance is needed in identifying and addressing potential conflicts of interest. The scientific claims of companies that choose not to disclose the contents of their proprietary databases cannot be assessed; therefore, the reliability of the information they provide to consumers cannot be verified. 64 
Statistical Methods
Regardless of the methods used or samples referenced, steps should be taken to adequately convey the amount of uncertainty in the inferences about ancestry, whether in the research or commercial setting. Population genetic inference is ultimately a statistical exercise, and rarely can definitive conclusions about ancestry be made beyond the assessment of whether putative close relatives are or are not related. Because ancestry inferences for less simple questions require reliance on complex statistical procedures with inherent uncertainty, both producers and consumers of genetic ancestry estimates need to have a fairly sophisticated understanding of probability. There are two levels to the inherent uncertainty of these statistical inferences. First, there is uncertainty in parameter estimates (for instance, how large are the confidence intervals of admixture coefficients for an individual?). Second, there is uncertainty in how to interpret these parameters (e.g., what do the admixture coefficients mean-what does an individual's haplogroup say about his or her past?). The context in which ancestry estimation is being used determines the importance of these sources of error. In some research contexts (e.g., when ancestry is used as a covariate in genome-wide association studies), it might be sufficient to have some quantitative variable that represents ancestry. In commercial ancestrytesting applications, however, interpretation often is key because the information that is presented might have direct psychosocial and other personal implications for the individual.
The statistical methods used to perform ancestry inference vary with regard to the assumptions they make, how much of the information available in the genetic data is extracted, and how their statements about inference are summarized for the researcher or the consumer receiving the information. The ease in understanding the statistical confidence in the ancestry inference also varies widely among methods. The most important aspect of reporting confidence in ancestry determinations is to accurately convey the level of uncertainty in the interpretations and to convey the real meaning of that uncertainty.
Ancestry and Health (Note: unlike in other sections of this report, where we mention ''race'' to make specific points, in this section we use ''race'' (and ethnicity) as constructed by the US Office of Management and Budget (OMB) and as used in US social, government, and biomedical research parlance. We realize that there are various connotations and limitations of these terms, but our goal here is only to provide a brief overview of some important issues pertaining to health outcomes and health differences within and among the referent ancestry-linked sociopolitical groups.)
Researchers still poorly understand the relationship of genetic ancestry to individual and population health, but this relationship is a potentially important area for investigation in that it might have social and political consequences. [65] [66] [67] [68] In the US, it has been commonplace to report disease prevalence for each racial or ethnic group separately, and these prevalence estimates often vary among groups. 69 This has led to widespread speculation that racial or ethnic differences in individual or population health are primarily due to genetic factors, including genetic ancestry. 68, 70 Yet, racial or ethnic identity could be associated with the health of an individual or group in several ways. It might co-vary with different environmental or genetic factors that underlie risk or with different interactions within and between genetic and environmental factors. [71] [72] [73] There are circumstances in which genetic factors influencing heathrelated traits are associated with specific genetic variations that tend to be more prevalent in a particular racial or ethnic group than in the rest of the population. Certain genetic variants associated with hypertension, 52 Given the complexity and limited understanding of the relationships among genetic variation, ancestry, race, ethnicity, and health and treatment outcomes, the translation of genetic epidemiological research findings to clinical application requires ample consideration of a variety of factors, including personal, social, and other nongenetic factors. This issue might be highlighted in the context of DTC genetic testing, where consumers might share ancestry test results or ancestry-related estimates of disease risk with their healthcare providers and expect that the information be factored into their care. 3, 68 In view of the ongoing national efforts to increase the public's exploration of family (health) history, 80 it is possible that this practice could become widespread as people seek to exhaust the available sources of information about their family history and associated health risks. As such, the healthcare community must be recognized as a key stakeholder in decision making concerning genetic ancestry inference.
Personal and Societal Implications
Ancestry inference-in both its research and commercial applicationsprompts a host of psychological, social, legal, political, and ethical concerns from the individual to the global level. 95 The occurrence of, or potential for, emotional distress in people, families, and groups after receipt of conflicting information about their identity through DTC ancestry testing has also been discussed. 3, 15, 87, [89] [90] [91] Nonetheless, some research focused on consumers of ancestry testing has revealed that although ancestry tests might promote genetic thinking about ancestry and ''race,'' test takers also were able to construct meaningful narratives of their identity. 5 Clearly, additional empirical research will need to adequately explore the relationship between genetic ancestry testing and the identities and overall psychological well-being of test takers, their families, and their communities.
Questions have been raised about privacy and about the security of reference databases that support ancestryestimation endeavors. For example, for genetic-ancestry-testing companies that are sold or go bankrupt, there are concerns about the future of the privacy policies and other terms under which data were collected. 96 Some people also fear that commercial ancestry-testing databases might be more vulnerable than other genetics databases to alternate and inappropriate uses. 64, 97 The problem of alternate uses of data in the context of ancestry estimation might also be extended to the unauthorized inclusion of population-based genetic research data or samples in ancestryrelated studies 6, 98 or in commercial ancestry-testing databases. These practices bring to the fore consideration about evolving notions of consent, anonymity, respect for communities, group risk-benefit assessment, and benefit sharing, and these issues must also be addressed within the current broader discourse on the sharing and secondary use of genetic and genomic data and samples. 99, 100 A common concern about scientific efforts to explain origins is the alleged diminished regard for important cultural, religious, social, historical, and political processes that inform origin as well as group membership, identity, and rights. 3, 16, 101 Reports of the use (or intended use) of ancestry test results to make claims for benefits through affirmative action or for rights perceived to be associated with their new-found Native American status have increased unease over the loss or gain of certain rights or entitlements. 91, 102, 103 Entitlement could also be viewed in terms of interest among some DTC-ancestry-test takers in seeking dual citizenship in countries identified as their ancestral homelands. 104 This trend is similar to that discussed in relation to some population-genetics research connecting the Lemba and certain Jews. 87, 105 It remains to be seen what tangible effects (if any) genetic ancestry inference will have on these pre-existing entitlement issues. Genetic ancestry inference (in particular, the use of AIMs and admixture mapping techniques) could reveal the nuances of ancestry and dispel the notion of race in humans and/or the practice of equating race with ancestry. Paradoxically, it is equally capable of giving credence to the idea that humans subdivide into distinct biological races and implying that there are the clear-cut connections between DNA and specific geographic regions or ethnic groups. There has been substantial anxiety and discussion about the potentially reifying effects of current ancestryestimation practices. 3, 16, 86, 106 Beyond ancestry estimation itself, the routine treatment, in science, of ancestral, ethnic, and so-called racial groups as bounded biological entities perpetuates an inaccurate concept of human variation and increases the possibility of stigmatization and discrimination of the groups and the people within them on the basis of traits, behaviors, diseases, and other attributes. 64, 70, 107 Scientists and the scientific establishment as a whole must attend to this longstanding and pervasive problem of conveying conflicting messages pertaining to human variation. Although genetic ancestry inference in research and the marketplace is the focus of this report, we are well aware that the technologies are being employed in other arenas. For example, since 2003, the forensic use of DNA to make determinations about ancestry in criminal cases has become more widespread. [107] [108] [109] [110] More recently, the ''Human Provenance pilot project'' proposed using DNA ancestry testing to identify the nationalities of people seeking asylum in the UK. 111, 112 These and other such applications of genetic ancestry estimation also merit scrutiny because they have the same technical problems discussed above and may pose palpable threats to human welfare.
Conclusions and Recommendations
Concerns about analytical procedures, interpretation, and the personal and social implications of genetic ancestry inference make it clear that enormous care is required in the application of ancestry estimation in both research and commercial settings. A major issue regarding commercial ancestry testing is that there is no quality assurance guarantee. This gives rise to the question of whether there is a need for lab certification or accreditation. We tend to lean against anything so formal because it would provide a stamp of approval by any designated accrediting body. It is one thing to certify accuracy of the genotyping procedures, but it might not be very useful to do that and also claim that the inferences from the data are not validated or certified in any way. Determination of feasibility or of mechanisms for certification and validation, as well as specific approaches for enhancing consumer understanding of the scientific and nonscientific issues, will require thoughtful deliberation beyond the scope of work of this task force. The academic research community cannot afford to be exempt from similar efforts to increase scientific rigor and overall accountability in genetic ancestry estimation. Indeed, the peer-review processes for funding and journal publications are designed to assist in such efforts, but their effectiveness is compromised by the inadequacy and inconsistent application of existing guidelines in this area. Because of the intrinsic uncertainties of the science and the potential societal ramifications, the field of population genetics as a whole could benefit from improved and enforced standards with respect to terminology and methodologies, as well as interpretation and communication of research findings.
Recently, Lee and colleagues 6 called for federal regulation of genetic ancestry testing. At this juncture, we offer an alternate approach, one that might itself lead to federal oversight, if subsequently deemed appropriate, necessary, or practical. We believe that effective decision making regarding genetic ancestry inference, in particular DTC genetic ancestry testing, will be best initiated through cooperative interaction among a variety of stakeholders, including suitable federal agencies. Considering that such collective engagement has not yet occurred, it is premature to assume reticence or resistance on the part of any of the players or that federal regulation is the only recourse. On the basis of our review of the state of the science and the personal, societal, and health-related implications of genetic ancestry inference in academia and industry, we make the following recommendations:
(1) Leadership of the human-genetics community, diverse in its interests and its own identities, should develop mechanisms for promoting thoughtful and rigorous use of genetic ancestry estimation in academic research. These interconnected recommendations are intended to foster direct and productive dialog surrounding genetic ancestry inference in academia and industry and move us closer to achieving the most beneficial outcomes for both science and society. In light of the issues at stake and the enduring fruitless attempts at effecting meaningful change, the time is now for no-holds-barred discussions among the players, particularly among scientists who must more purposefully and constructively critique one another's premises, methodologies, findings, and interpretations of findings.
Although there might be general agreement that genetic variation provides a window into human origins, history, interrelation, and identity, differences of opinion about genetic ancestry inference will probably persist. Our desire is that, ongoing conversation and collaboration across disciplines and sectors will address principal concerns and reduce the intensity of the debate. An ever-present challenge and responsibility for scientists engaged in this work is to understand the inherent uncertainties, socio-historical contexts, and potential ramifications of the science and to effectively incorporate this knowledge into efforts to refine their methodologies and improve human well-being.
Acknowledgments
We thank the ASHG leadership and staff, specifically Aravinda Chakravarti, Edward McCabe, Joann Boughman, and Phyllis Edelman, for their substantial support of our deliberations that led to this report. We are grateful to Jill Cooper and Switzon Wigfall, III for providing research and technical assistance. We also appreciate the comments from Karla Holloway, Charles Jonassaint, Shomarka Keita, Jennifer Wagner, Kenneth Weiss, Huntington Willard, members of the ASHG Social Issues Committee, and our anonymous reviewers on earlier drafts of this manuscript.
Web Resources
The URL for data presented herein is as follows:
Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm.nih.gov/ omim/
